
1"P1
aZ 69B0Tecnicl RporT50

0

Fina Reort: ca July 503Sot~e~1

ADAPTIV CANCELATION O

AppliedC PhyISc LEborATEry (AY

OCJoAn SopkinE WAoES

*4C

~' "/NAVAL OCEAN f YSTEMS CENTER
SAN MbEGO, CALIFORNIA U,2152

8() 6 5 053



?AVAI. OCEAN SYLrEMW CENTER, AN DIlEOOCA 92192

AN ACTIVITY OF THE NAVAL MATERIAL COMMAND

SL GUIILE. CAPT. US14 HL BLOOD

ADMINISTRATIVE INFORMATION
I,

The work was perfortred for the Appi;ed Physics Laboratory, Johns Hopkins
University, under APL conti--ct 600676 in support of the SSBN Security Techrioiogy
Program under Navy contract N00024-78-C-.5384. This report covers work from I July
through 30 September 1979.

Thc author thanks Debra Gookin for her assistance in rccoriing and processing the
[i experimental Uata.

kReleased by Under Authority of
1. P, Lemair, Head H. R. TaWkington. Head

SAdvanmced Syrtems Division Ocean Technology Department

.

II



44 ~ Unclassified
%ICUfkTVl CLAWFICATION Of HIbS PG M0*e&~

REPORT DOC'MEKTATIC PAGZOFZ OLTIOFR
1. WFP51T NUMBER a.eVv AIC-.4Vc0W 11. RKIo 1i 5~ ATA.0 HUtitA

NOWC Tech"lu Report S03 (TR 503)

A ;MWEAWEUTION OFMAGNETIC OISEYENMRAkE
BYCEAN4UWFAC"Af

G. PEROM~INwG 001. ftVPORT "WEERf

k.~~O C61TAC 0NT wUtim'VI)

G. A arcia APL 600076 11- suppobýf Navy

l~jwzcontiact NOOO2.-7K-5S384.

*. EROR ING GAM'lATIOri NAME AND A001111111 10. 00 ~fAt& Eg 1 -T 1 m.TASK
Naval Oceim Systems Center
San Diego, CA 92152

I I. CONTROLLING OPPICE NAIAK AND AODDRES#

Applied Physics Laboratory (~APL)15Fbn
lhnms Hop~idns Ro-id1.

!iveMD) 2CS 10
I.MONITOKING AGENCY AAME Q AODRESS(If dUiffore hum Cmiorfeitag Office) It. SIC %. )-C

111a. 0 C k 114PIC ATI ON/ DOWN 01AMING

14. O4STRISu1ION STATEMENT thi Re. port)

Approved for public release; dirtribution unlimited

4j17. 014TRIOuTION STATPIMENT (of the obelfa- .otera fin 910.420s, If di1ffi ran *Wpe,;)

'V KEY 'WORDS (C cinv an rverse side Of nec~essaryand iceittof PAr Wai.~ numbe)

Ocean
Magnetic noise suppression

Magnetometers __ ___

Adaptive noise cancel~ation

20. ABS~TACT (Coninw ma reverse.side of fteoese.U7 MidIaiII'b ohrmb
A method of suppressing oceý-:- suý face w-ive-generated magnetic noise frou: near siirface -mounted tof al field

magnetometer signals is presente.d. This technique uses reference data furnished by a measurnment of the Ocean SUrfacA
displacement at a single point in the vicinity of the magnetometer to cancel adaptively the magnetic noise generated by
the surface wave field. A transfer function is derived which relates the k-cean sutface, displacemnent measurement to the
associated magnetic noise field. Experimental data obtained frG-m a total field magnetometer mounted 7 meters above
the ocean surface in approximately 15 meters of water display good correlation with art ocean surface displacement

Imeasurement made with a sub-gurface-mounted pressure gauge. The tronsfer function which relates there mcasure-
[ments shows good agreetneni with the theorttically derived transfer function. When the surface displacemient time

I DIFO R4) 1473 EOI.TION OF' I NU0V at IS OBSOkETE k)lssfe

A S/N O1O2.L~.O14.6a~t /SECURITY CLAUIPMATION OF TW~ iU 7 I .

.

.4
_____~~"i __ 9 J,

___ __ I--



Unf-laoifks _______

SIcvwtV CLAM04CA1TM"0 IsoU Pas* m*mSo*

adueis ued as the reemweom t tie o im adaptiv nois~s cancuflhr. the mfa wrtac ~ -jtr~j
aWppreus by appiozmately 20 4B at the mtki noU !reqw"n of 008 Hw. Within the frequeny bond between

0.05 flz and 0-3 Hz. the dsp,. nf cancui~atiwn varis betwow, 10 dB and 20 dB.

;7/7

UnclmifiI
IIURT CLSIICTO OFTIIAaWa aeatrd



OONTENTS

PROBLEM ... 2

RESULTS... 2

INTRODUCTION ... 3

THEORY... 3

EXPERIMENT ... 8

Results... 9

Conclusion ... 13

BIBLIOGRAPHY... 15

ILLUSTRATIONS

1. Adap';ve noise canceller (ANC) schematic diagramr ... 4
2. Coordinate system applicable to magnetic field calculation... 5
3. Transfer function computation results... 9
4. Adaptive filter block diagram ... I I
5. Plot of rms spectra if magnetometer output... 12

TABLE

I. Notation used in this report ... 14

* - ]



PROBLEM
Develop a rrethod of suppressing ocean surface wave-genenated magnetic noise from

near surface-mounted total field magnetometer signals.

RESULTS
Reference data furnished by a measurement of the ocean, surface displacemernt at a

single point in the vicinity of the magnetometer were used to cancel adaptively the magnetic
noise generated by the surface wave field. A transfer function is derived which relates the
ocean surface displacement measuremen:s to the associated magnetic noise field. Environ-
mental data obtained from a total field magnetometer mounted 7 meters above the ocean
surface in approximately 18 meters of water displayed good correlation with an ocean surface
displacement measurement made with a subsueface-mounted pressure gauge. The transfer
function which relates these measurements showed good agreement with the theoretically
derived transfer function. When the surface displacement time series was used as the
reference input to an adaptive noise canceller, the surface wave-generated noise was
suppressed by approximately 20 dB at the main swell frequency of 0.08 Hz. Within the
frequency band between 0.05 Hz and 0.3 Hz, the degree of cancellation varied between
10 dB and 20 dB.
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INTRODUCTION

One approach to the problem of detection and localization of submerged objects is to
take advantage of the magnetic fields generated by iron-bearing material contained within the
object of interest. This magnetic signature may be obtained with one of several types of
magnetometers whose sensitivities range from about I nT* to better than 10-4 nT.

To take full advantage of the inherent sensitivity of one of the better instruments,
one must be able to cope with a number of noise sources, any one of which may mask the
additional capability of a more sophisticated magnetorneter.

For a stationary sensor, two noise sources predominate. The first of these
components, commonly called 'geomagnetic noise', has its origins in a complicated
interaction of the solar plasma with the earth's magnetic field. Charged particles become
trapped and circulate in a variety of trajectories, causing rapid variations in the geomagnetic
field. Because of its solar origin, this noise component is highly correlated with the I -ycar
sunspot cycle and is particularly troublesome during peaks in sunspot activity.

In addition to geomagnetic noise, magnetometer measurements made near the ocean
surface are subject to the second important noise component, ocean wave noise. The oceai
surface is a dynamic interface separating air and electrically conductive seawater. Interaction
between the earth's magnetic field and this moving interface induces electric currents in the
conductive medium which are responsible for measurable surface-generated magnetic fields.
Bergin has computed the magnetic field attribut ible to surface waves generated by winds of
various velocities.1 According to this calculatiot,, a steady 30-knot wind generates a surface
wave field which produces over I nT rms of magnetic noise at 100 meters above the surface
in a frequency band from dc to I Hz. Considerable effort has beern directed at characterizing
this noise source in an attempt to mitigate its presence and increase the probability of
detecting magnetic fields produced by sources bclow the ocean surface.

This report describes a scheme for eliminating part or all of this surface wave-
generated noise component by means of adaptive noise cancellation, with reference data
provided by a signal proportional to the ocean surface displacement measured at a single
point. An experiment performed at the NOSC Oceanographic Research Tower is reported.
Results agree with Weaver's model for ocean surface wave noise generation and demonstrate
that significant suppression of this noise is possible.-

THEORY

The adaptive noise canceller (ANC) is diagrammed schematically in figue 1. A signal
s combined with uncorrelated noise no forms the input to the primary channel of the ANC.
Tie reference channel receives a second noise component ni, which is correlated with no
through some linear physical process which may or" may not be known. Let this physical
process be denoted by the transfer function T(,o). Optimum cancellation occurs when the

*nT = nanotesla = Io-9 weber/m 2 - 10-5 gauss = gamma (-y).

'Naval Research Laboratory Memorandum Report 2843, Magnetic Variations Caused by Wind Waves,
by J. M. Bergin, July 1974.

2Weaver, J. T., Magnetic Variations Associated with Ocean Waves and Swell, Journal of Geophysical Research,
v 70, p 1921-1929, 15 April 1965.
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adaptive filter takes on the characteristics of a Wiener filter with a transfer function given by

Sxd
WL

SXX (!)

where Sxd is the cross-power spectrum of the primary and reference inputs and Sxx is the
power spectrum of the reference. If the reference source contains no signal component and
is uncorrupted by noise which is uncorrelated with n0 , then it can be shown that W(w)
becomes equal to T(w). 3 Adjustment of the adaptive filter is effected by a grpdient-sewking
algorithm which attempts to minimize the total power of the error signal

e = s+n0-Y = s+n 0-h(t)*n 1 (t) (2)

where h(t) is the im, pulse response of the adaptive filter. For our purposes, the primary
input consists of a combination of magnetic noise from geomagnetic and wave sources. In
a real application, this input may also contain a signal from sourcef of interest under the
ocean surface. Into the reference input passes a simultaneouis measureme.nt of the ocean
surface displacement at a single point in the vicinity of the magnetometer sensor. This
intormation may be obtained from wavestaff or subsurface pressure m.Asurements, optical
or radar range measurements, or whatever instrumentation is appropriate to :he platform at
hand. Notice that magnetic signals arising from sources ut.der the surface pass through the
ANC without distortion because they arc uncorrelated with the surface, displacement
reference.

Mthough the adaptive filter finds the optimum transfer function which minimizes f
without rebard to the physical relationships leading to W(W), it is instructive to derive this
expression from basic physical principles. We begin by focussing on a simple, sinusoidal

S+ no
PRIMARY + e OUTPUT

REFERENCE W

Figure 1. Ad:itive noise canceller (ANC) schematic diagram.

3Windrow, B., et al, Adaptive Noise Cancellation: Principles rnd Applications, Proceedings of the IEE,1
v 63, p 1692-1716, Decsnmber 1975.
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ocean surface. Weaver has calculated the magnetic Held above and below tIe surface that is
attributable to a monochromatic ocean surface gravity wave in detp water. A brief
condensation of this calculation follows.

Figure 2 shows the coordinate system applicable to this problem and tabl,!ý I lists the
notation. initially, let us as.ume an infinitely dee! oc, a d therefore ignore bottom
effects. The induced electric field in seawater is X( +1I-). The earth's field F is

" ecnormous compar'ed to the wave-generated field A, so that the iource term above is juti~

X r to a good approximation. Maxwell's equations for the field vectors may then be
written in the form

V.) X it 41rajt + I X V'). (3)

To solve these equations, the surface velocity field V must be specified. Assuming
that the ocean medium is incompressible and irrotational, and that the amplitude a of the
wave is much smaller than the wavelength, then a monochromatic surface gravity wave moving
in a direction 0 from the x-axis can be shown to have a velocity given by

-awi(cos, + sin-,.) + exp i F,, ysin_ exp(-mz) (4)

where m = w2/?. This surface velocity field is inserted in equation 3 and solutions are
found which are harmonic in time and displacement for regions above and below the surface.
Boundary conditions are thea applied to these solutions which require that the normal and
tangential magnetic field components be continuous across the air-sea interface. Ultimately,
this procedure leads to a harmonically varying magnetic field -hose component in the
direction of the earth's field (as measured by a total field magalelometey') is given ty

MAGNETIC.• • NORTH

DIRE.CTION

-- •",.,.•... "-• •' •DIRECTION•
S\, OF WAVE

PROPAGATION

SEA

' ~STILL
WATER
LEVEl.

Figure 2. Coordinate system applicable !o magnetic field crlculrf ion.
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_4102F S2 + C2) e-SW2/ eilwt- m(xcose + YsinC)lbI _W(5)

where we have introduced the following notation:
S = sin 1: 1 - dip angle of the earth's field
C - cos I cos 0: 0 - eastward inclination of wave propagation from the

magnetic meridian
s = height of magnetometer above still water level.

bi is Weaver's expression for the magnetic disturbance attributable to a perfectly
sinusoidal ocean surface. Of course, the real ocean surface is a complicated superposition of

travelling waves of variable frequency, amplitude, phase, and direction of propagation.
Equation 5 provide: the magnetic disturbance associated with each member of this super-
position. By means of a complete specification of the surface directional spectrum, one may
proceed to det•,rmine the total magnetic field attributable to an arbitrary surface.

Following Pierson's treatment of the ocean surface as a stochastic system, we write
the surface displacement in the form

p(x,y,t)= exp i w t-m(xcos, + ysin6)-r(.,6) ]) [A(w,6)] 2 d~dco
-00 -9 (6)

where r(o ,) is a phase randomly chosen within the range 0 to 2W and IA(W,#)] 2 is the
directional spectrum of the sea surface. 4 From equation 5, which gives the magnetic field
component parallel to the earth's field attributable to an elemental wave of amplitude a, we
can construct a similar elemental field arising from wavelets of the type used to form
p(x,y,t):

_ __~+ i[ot-m(xcosO + ysin6) -. (o,•.) [A(ow,b)] ddo

4 (7)

Summing all such contributieon, we obtain the total parallel magnetic field component
generated by p(xy,t):

Br (xyt) J -irogF(2 .)e-S /g i[ct-m~xcosJ + ysin§)-,I'.,J)jB!- +xyt C ) -•oge

If
(8)

As mentioned previous!y, the reference input to the ANC is proportional tc ",(x.y,t).
The primary input ..ontains the noise component represented by e1 mxy,0) in ado..oin to

4 Pierson, W. J. Jr., Wind Generated Gravity Wives, Advances in Geophysics, v2, p 93-178, 1955.

6I_ jW 7



other, unco,,Telated noise components, Cancellation of il (x,y,t) is optimized when the
adaptive filter assunes the Wiener transfer function Coven by equation I. In this case, the

power spectrum of tne reference input is just the power spectrum of the surface displacement
measurerment p(x,y,t), which may be obtained by first forming the autocorrelation
function

(p(x,y,t)p*(x,y,t + X)) = f A(w,) 2e-ia Xdd
•-• W (9)

where we have ass.umed that [A(w,f)J represents a spacially. homogeneous and tempcrally
stationary wave field. According to Pierson, et al, [A(wO,)] can generally be expressed
ris a product of a frequency-dependent factor and a direction-dependent factor.5

[A(,S)]
2 = f(w)cos 2 ; .

0 ; otherwisc (10)

where the wind direction coincides with 0 = 0. Integrating the autocorrelation function over
0, using the general form for iA(w,0)] given in 10, and taking the Fourier transform yields
the power spectrum of the reference input:

2
Spp w/2 f

Similarly, the primary and refcrence cross-power spectrum, Spm, may be calculated
from the cross-correlation function of the surface displacement time series, equation 6, and
the wave~generated magnetic field time series, equation 8:

( p(x .y.tBi,* (x'.y'.t+X)))=

00

f j i (SgFs2 + C 2 )e-sw /g e-i't A(c.,b)] 2 e-i)Xdd.dw

-=O --w

where k r [(x-x')cos6 -' y')sin].
g (12)

The factor e-i k r in 12 accounts for the possibility that the displacement measurement
may not be taken at the same point in the xy plane as the wr .gnetic measurement. Fourier
transformation of the cross-correlation function gives the cvoss-power spectrum of the
reference and primary inputs:

5U. S. Navy Hydrographic Office Publication 603, Practical Methods for Observing and Forecasting Ocean
Waves by Meai.s of Wave Spectra and Statistics, by W. J. Pierson Jr., G. Neumann, and R. W. Jones, 1955.
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S 12 r! (S2 + C2 )C. 12/g e -. 7 oo2# f2 (w)diSpin f

-w12(I)

where the general form for (A(w,§)] 2 given in 10 has been used. The optimal transfer
function is then given by

wr/2
Sp.m 2iogF esw/g (S2 + C2)e- r 2"o2d

* eSW/ Jf cotwdr -. 12 (14)

Any slow variation in the parameters which specify this transfer function will be sensed by
the ANC, and the adaptive algorithm will adjust the transfer function of the adaptive filter
to accommodate these variations. This feature is particularly important in operational settings
where the magnetometer so-nso. heights may change or the directional characteristics of the
wave field may change.

EXPERIMENT

To test the suitability of adaptive noise cancellation techniques to the reduction of
wave-generated magnetic noise, an experiment was conducted at the NOSC Oceanographic
Research Tower located about I mile off the Southern California coast near San Diego.
Ordinarily, sensitive magnetic measurements of this type are hampered by stray fields
generated by steel in the tower structure. At this facility, however, the magnetometer
sensor may be mounted approximately 20 meters from the tower on a non-magnetic boom
made of aluminum and glass fiber. This separation provides sufficient magnetic isolation
from the tower structure, and tests with sensitive accelerometers have demonstrated that
boom motion is negligible in all but the severest seAi states.6

Two parallel time records were obtained. One time record monitored the total
magnetic field as measured by an AN/ASQ-81 optically pumped, metastable, helium
magnetometer mounted 7 meter% above the surface. This instrument's maximum sensitivity
is such that a 0. I-nTr full-scale signal produces a 15-volt peak-to-peaL output. Under
"quiet" geomagnetic conditions, the noise floor of this instrument is less tian 0.01 nT. The
widest of the seiectable passbands was used, giving 3-dB points at 0.04 Hz and 2 Hz. The
second time record w, a simultaneous measurement of the ocean surface displacement
sensed by a pressure transdu,.er located 2 meters below the still water level and 10 meters
north of the magnetometer sensor head.

6Podney, W., and R. Sager, Measurement of Fluctuating Magnetic Gradients Originating from Oceanic
Internal Waves, Science, v 205, p 13341- 1382, 28 September 1979.
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RE*SULTS
IThe Weaver transfer function (equation 14) was derived under the assumption that

bottom effectq could be ignored. Such conditions hold in the open ocean. However, in aI coastal environmeit, where the experimental data were obtained, the presence of the bottom
should be included in any theory which hopes to model the physical proces responsible for
wave-generated magnetic fields.

Modificaoions to Weaver's theory which ac,.count for finite ocean depths have been
n;-de by Woods.' His calculation is a straightforward extensicn ol the iheory outlined heie
and need not be described in detai! except to say that an additional interface between the
conductive seawater and noncondoctive ocean floor must be introduced. This modified
transfer function is compared here ti !he experimental data.

Approximately I hour of ocean data was used to obtain the experimental values for
the transfer function. The surface displacement Lecord was divided into eight consecutive,
nonredundant segments of 400 seconds in letvgth. For each 400-second segment, a
windowed Fourier transform was computed. The eight modified periodograms thus obtained
were then averaged to give an estimate of the power spectrum of the surface displacement.
An estimate of the cross-power spectrum of the surface displacement and the magnetometer
measurements was obtained in a similar fashion and the resulting transfer function was
computed. The results appear in figure 3. where the solid points represent the experimental

0.7 -

0.6 * EXPERIMENIT

X THEORY

0.5

0.4

0.1 1

0 0.1 0.2 0.3 0.4 0.5

FREOUENCY, Hz

Figure 3. Transfer function computation results.

7 Defense Research Estahlishment Pacific, Victoria, B. C. (Canada), PNL Laboratory Note 65-6, Magnetic
Variations Associated with Ocean Waves and Swell in a Shallow Sea, by R. S. Woods, July 1965.
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transfer function. Each point is an average of the transfer function over a frequency range
which spans 0.025 Hz on either side of the point.

Plotted on the same axes is the theoretical transfer function of Weaver modified
according to Woods to account for shallow water. For the purpc-es of this calculation, the
following parameters were used:

1 600 Ia -4× lo", 1 emu

g - 980 cm/s 2

s - 700 cm
F - 50000 nT.

In addition, the wave vector of each travelling wave component of the surface
displacement was assumed to b- refracted normal to the shoreline. Thus, 0 = 900 to a
good approximation. The agreement between this theory and the experimental data is well
within the error of the measurements.

With the connection between the surface displacement and the associated magnetic
field well established, the next step was to determine the extent to which this magnetic noise
could be modeled by the adaptiwv filter from reference data provided by a signal proportional
to the surface displacement measured at a single point. The ocean data were processed with
a Rockwell Universal Adaptive Filter, which is a digital implementation of the ANC in
figure 1. A full description of the LMS adaptive filter, the heart of the ANC, can be found
in the extensive literature on this subject (eg, McCool and Widrow).8 Very briefly, the
adaptive filter consists of a tapped delay line connected to the inputs of an adaptive linear
combiner. The adaptive filter is shown in block diagram form in figure 4. The filter output
at time j, denoted by yj, is the discrete convolution of the input vectcr

xýj = (xi,)_-l, •••,Xi-n+I ) (15)

where the components of this vector are delayed samples of the input signal xj, and the
weight vector

WiU =(WljWW2j,"'"•Wnj) (16)

This convolution yields the filter output

= � wij xj-i+I

Thus the weight vector is a sampled representation of the impulse response of the adaptive
filter. The real-time length of the tapped delay line determines the maximum impulse
response length of the filter. Within this limit, the filter maiy assume whatever impulse
response minimizes the error ej. Adaptation of the weight vector is achieved with the LMS

8NUC TP 530, Principles and Applications of Adaptive Filters: A Tutorial Review, by J. M. McCool and
B. Windrow, NI " Jh 1977.
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ADAPTIVE ALGORITHM

: ~Fkw•:re 4. Adaptive Nifter block diagrarn,

•! algorithm which updates the weights according to the prescription given by the following

I,• I

, • expression:

Wj+ I=W + 2j#ejxj • 17

A, the adaptive feedback constant, influences the rate at which the filter attains the optimal

impulse response.
Several filter lengths were used. 'The filters contained from 64 to 512 taps which

represents, at a sample rate of 5.8 lz, a real-time filter length of I I to 88 seconds. Within
this range, the extent of wave noise cancel'ation peaked broadly when the filter consisted of
about 200 taps, which corresponds to a real-time length of 35 seconds. With the weights
initially zeroed, apprnximately 5 minutes was required for the weight vecti converge toV a stationary solution. Figure 5 is a plot of the rms spectra of the magnetometer output before
(solid line) and after (dashed line) cancellation. These plots are taken from data processed
with a 256-tap filter and p = 2- 8 . Thrcughout the frequency range from 0 to 0.3 Hz, where
most of the surface wave spectral power is located, the level of noise suppression averaged
about 10 - 15 dB. At the main swell frequency, about 0.08 Hz, the wave-generated noise
was suppressed by about 20 dB. Residual aoise can be attributed to sources other than
surface waves, with the bulk of the unsuppressed noise coming from geomagnetic sources.

11 •
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CON'.USION
The results presented here dem~onstrate that ocean surface wave-penerated magnetic

noise may be sigificantly supevmaed by an ad'iptiva noisc ca•cellation scheme which uses

reference data furnished by a signal proportional to the surface displacenment. Magnetic
signals originating from subsurface sources are not expected to be affected by this noise-
reduction technique since the reference data are related solely to ocean surface behavior.

Although the surface wave data used in this test were characteristic of coastal waters,

it is -lear from the Weaver tbeory that similar measurements made in the open ocean ought
to Sikre the same level of noise cancelling perforni,-vce. In the deep ocean, an area of several

thousand square miles may be dominated by the sime wind conditions. This property ensures
that the adaptive filter transfer function will be time-invariant on a scale which is long
compared to the filter adaptation time.

I .
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a '• Am pli'u ,Ae z ,f cci ean Vaw at the surface

f 2 ((.) Frequency spectrum of the sea surface

[A(wj) 2 Directioal spectrum of the m surface

C = cos cos

Earth's magnetic field

"" Gravitational . €;c lerationI 
Dip angle

I m - 2/s

S sin I

Ss Height of magnetometer sensor above still water level

Sp Power spectral density of ocean surface displacement measured at one fixed point

Spm Cross-power spectrum of ocean surface displacement and magnetometer output

0 Eastward inclination of direction of wave propagation from magnetic meridian

8 Eastward inclination of direction of wave propagation from wind direction

o Electricai conductivity

b, Magnetic field parallel to the earth's field attributable to a sinusoidal ocean surface

BI Magnetic field parallel to the earth's field attributable to an arbitrary surface

p Surface displacement

rT(w) Transfer function relating surface displacement to magnetic disturbance

Table I. Notation used in this report.
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